I. INTRODUCTION
Lasers have been used for surface modification for improvement in material properties such as resistance to wear, friction, erosion, fatigue, corrosion, and high-temperature oxidation.
1-4 Laser material processing involves extremely high cooling rate ͑10 5 -10 8 K/s͒ that results in the generation of metastable and nonequilibrium phases due to extended solid solubility. It is often observed that these phases are unknown to equilibrium phase diagram. [1] [2] [3] [4] [5] [6] In our earlier work, we have synthesized TiB 2 coating on AISI 1010 steel substrate using a 2.5 kW continuous wave neodynium-doped yttrium aluminum garnet ͑Nd:YAG͒ laser.
1,2,4 Rapid cooling and solidification during laser processing generated "composite" coating consisting of borides in iron-rich matrix. TiB 2 was the major phase along with TiB and iron borides such as FeB, Fe 3 B, and FeB 49 . 1, 2, 4 In continuation of the above mentioned efforts, in the present work, phases of iron-boride system ͑FeB, Fe 2 B, Fe 3 B, and FeB 49 phases͒ were considered for ab initio total energy simulation using SIESTA 1.3 ͑Spanish initiative for electronic simulations with thousands of atoms͒ molecular modeling package. Evolution of rarely reported metastable FeB 49 phase was further validated employing high-resolution transmission electron microscopy ͑HRTEM͒. An effort was made to compare these phases with theoretically generated Fe-B phases and correlate the total energy to the relative stability of the structure.
Apart from major TiB 2 peaks, experimental x-ray diffraction ͑XRD͒ spectrum depicted some extra peaks corresponding to metastable phases. phase among the Ti-B and Fe-B boride systems. 10 Moreover, free energy curves of the formation of TiB 2 , TiB, FeB, and Fe 2 B are almost independent of temperature. The free energies of the formation of TiB 2 , TiB, FeB, and Fe 2 B are −319.7, −159.7, −31.8, and −26.0 kJ/ mole, respectively. 8, 10 It is evident from the Fe-B phase diagram that FeB and Fe 2 B are the equilibrium boride phases. 8, 9, 11 Apart from limited studies on Fe 3 B ͑enthalpy of −17.8 kJ/ mole͒ there are no additional thermodynamic data available for the metastable phases of Fe-B system such as Fe 3 B, FeB 49 , and Fe 2.12 B 103.38 . Since the crystal energy is defined by per atom contribution, Fe 2.12 B 103.38 crystal energy is similar to that of FeB 49 crystal and, therefore, it was not calculated separately for both crystals. No computational work has been ever carried out for modeling FeB 49 crystal energy. [7] [8] [9] 11 Hence, to extend the knowledge about the relative stability of generated Fe-B phases to the next level of understanding, their total crystal energies were computed and compared.
II. CRYSTAL CONSTRUCTION OF METASTABLE FEB 49 PHASE AND GENERATION OF THEORETICAL X-RAY DIFFRACTION SPECTRUM
The crystal structure of FeB 49 was experimentally determined using the JADE 3.1 software ͑Materials Data, Inc., Livermore, CA, USA͒, which provided the lattice parameters of 10.95ϫ 10.95ϫ 23.86 Å 3 , confirming to R-3m crystal symmetry. 10, 12, 13 A crystal construction was carried out using CARINE 3.1 ͓Fig. 2͑a͔͒. The corresponding theoretical XRD spectrum derived earlier ͑Fig. 1͒, along with the crystal structure determined by CARINE 3.1, substantiated the experimental peaks for the FeB 49 crystal. The crystal is defined as rhombohedral structure with lattice constants a = 9.4983 Å ͑=b c͒ and ␣ = 65. 
FOR AB INITIO MOLECULAR MODELING OF FE-B SYSTEM
The crystallographic models for FeB, Fe 2 B, Fe 3 B, and FeB 49 ͑referred to as Fe-B system͒ were chosen from the available theoretical calculations of the unit cell. 7, 9 With 2 ϫ 2 ϫ 2 cell size, a plane wave basis set with periodic boundary conditions was used for Fe-B system because of the periodic nature of the crystalline phases. [7] [8] [9] 11 Kohn-Sham self-consistent density functional method along with linear combination of atomic orbital ͑LCAO͒ basis set was used in the ab initio SIESTA 1.3 package for electronic simulation of Fe-B system.
14 Spin-polarized Ceperley-Alder scheme ͑by Perdew and Zunger͒ was adopted both for Fe and B exchange correlation functionals. 14 The interaction between core and valence electrons was described by nonlocal, normconserving "improved Troullier-Martins" approach for generating pseudopotentials.
14 As a first principle, iron ͑Fe͒ and boron ͑B͒ pseudopotentials were generated from spin-polarized and nonrelativistic ground states with components expressed Kleinman and Bylander projectors.
14 Fe was represented by a ground state as 4s 2 4p 0 3d 6 4f 0 with cutoff core radii of 2.00, 2.00, 2.00, and 2.00 bohrs, respectively, with the core radii of 0.7 bohr. 15 Whereas B was represented by 2s 2 2p 1 3d 0 with cutoff core radii of 1.78, 1.89, and 1.89 bohrs, respectively. 16 A mesh cutoff energy for the grid was set to 100 Ry, which was optimized automatically by SIESTA 1.3 during its run. Diagonalization method was used in calculations of the localized spin density ͑LSD͒ Hamiltonian to generate a selfconsistent Kohn-Sham solution. Coordinate optimization by conjugate gradient ͑CG͒ was utilized for molecular dynamics run with the limit of total force converging less than 0.05 eV/ Å or 50 iterations ͑except for FeB 49 , where maximum iterations used were 20͒, whichever came first. Maximum displacement during CG optimization run was set at 0.2 bohr.
Molecular modeling results ͑Fig. 3͒ indicated the utmost stability of the FeB phase followed by Fe 2 B, Fe 3 B, and FeB 49 phases. Since the absolute total energy of the phases is negative, higher-energy ratios dictate the higher stability of the phases. To persist the apt evaluation of generated phases, normalization was carried out with respect to the total energy of FeB phase. This helped to depict the energy variation with change in both iron and boron fractions. Comparison with other work, 11 the current study endorses the confidence in predicting the total energy of the newly generated FeB 49 phase through modeling software ͑Table II͒. Because of the unavailability of the Gibbs free energy, the enthalpy of the Fe 3 B phase was approximated to −17.8 kJ/ mol ͑experimen-tal͒ and −18.3 kJ/ mol ͑theoretical͒ for the calculation of energy ratio in the comparison studies.
Energy calculations clearly indicate the least stability for FeB 49 phase ͑E tot / E FeB ϳ 0.03͒ in Fe-B system. However, the high energy-density laser processing results in the formation of thermodynamically nonequilibrium FeB 49 phase corroborating the role of laser processing in producing unconventional phases. Isosurface of ͑002͒ plane of FeB 49 ͑Fig. 4͒ clearly matches with the atomic positions of Fe and B ͓Fig. 2͑b͔͒. The same plane is stacked twice to depict periodicity and pipe structure observed in the FeB 49 crystal.
IV. HIGH-RESOLUTION TRANSMISSION ELECTRON MICROSCOPY
High-resolution TEM imaging captured a thumb structure of growing FeB 49 precipitate with smooth matching between two phases, FeB 49 and Fe 3 B ͑Fig. 5͒. Precipitate formed during laser processing, seen in the center as thumblike structure, has interplanar lattice spacings of 3.68 and 3.05 Å along the two directions, which corresponded to the interplanar spacing of ͑106͒ and ͑302͒ planes in the FeB 49 crystal. The region surrounding FeB 49 precipitate has interplanar lattice spacings of 3.53 and 3.06 Å corresponding to the planes ͑111͒ and ͑201͒ of Fe 3 B crystal, respectively. A gradual transition in the mismatch of atomic arrangement along the interface region between Fe 3 B and FeB 49 phases ͑Fig. 5͒ is indicative of mechanically and chemically strong interface between these components. A selected area diffraction ͑SAD͒ pattern of the image in Fig. 5 is presented in Fig.  6 . The SAD pattern confirmed the presence of Fe 3 B and FeB 49 phases. The bright diffracted spots corresponded to Fe 3 B phase, whereas the weaker ͑dim͒ diffraction spots in between the strong diffracted spots corresponded to FeB 49 .
The formation of metastable phases along the interface depends on the availability of energy for the phase formation. The energy required for a phase formation can be obtained through ab initio calculations. Although, ab initio calculations are able to predict the final microstructure, the reaction kinetics plays a vital part in the generation of highenergy phases during laser processing. However, molecular simulations for interface characterization and energy calculation remain a prime tool in the prediction of postprocess microstructures. [7] [8] [9] V. CONCLUSION Laser surface engineering of TiB 2 coating on 1010 steel generated metastable FeB 49 phase, which was characterized through JADE software belonging to R-3m symmetry with lattice parameters of 10.95ϫ 10.95ϫ 23.86 Å 3 . Theoretical x-ray diffraction, constructed via CARINE 3.1 crystallographic 
